The effect of viewing distance on the perception of visual texture is well known: spatial frequencies higher than the resolution limit of an observer's visual system will be summed and perceived as a single combined colour. In animal defensive colour patterns, distance-dependent pattern blending may allow aposematic patterns, salient at close range, to match the background to distant observers. Indeed, recent research has indicated that reducing the distance from which a salient signal can be detected can increase survival over camouflage or conspicuous aposematism alone. We investigated whether the spatial frequency of conspicuous and cryptically coloured stripes affects the rate of avian predation. Our results are consistent with pattern blending acting to camouflage salient aposematic signals effectively at a distance. Experiments into the relative rate of avian predation on edible model caterpillars found that increasing spatial frequency (thinner stripes) increased survival. Similarly, visual modelling of avian predators showed that pattern blending increased the similarity between caterpillar and background. These results show how a colour pattern can be tuned to reveal or conceal different information at different distances, and produce tangible survival benefits.
Background
Camouflage and aposematism are two seemingly contrasting and mutually exclusive forms of antipredator colouration: camouflage reduces the likelihood of detection, whereas aposematic signals communicate directly with predators [1, 2] . Aposematism is often associated with high conspicuousness, and increasing conspicuousness has repeatedly been linked to greater speed and accuracy of predator avoidance learning [3, 4] . However, rather than developing a complete avoidance of aposematic prey, it is now apparent that predators learn about prey characteristics, actively managing their consumption of defended prey depending on their nutritional requirements, toxin burden and energy expenditure [5] [6] [7] [8] [9] .
As a consequence, under natural levels of environmental heterogeneity and predator diversity, the costs of increasing conspicuousness can outweigh the benefits of increased signal efficacy [10] . The conspicuousness of an aposematic signal has, therefore, been linked to honest signalling of defence strength, as only more heavily defended individuals can overcome the costs of high detectability [11] . Research into detectability has, however, predominantly focused on colour saturation and the proportions of conspicuous and inconspicuous pattern components [11] [12] [13] [14] [15] .
An alternative mechanism, which maintains colour saturation, is to manipulate the visual texture of an aposematic pattern. As visual systems are limited in their ability to resolve high spatial frequencies (fine textures), viewing distance can greatly affect the perception of a pattern [16] . It has been suggested that certain patterns can exploit these limitations and appear highly conspicuous at close range while also being camouflaged at longer viewing distances, where fine details can no longer be resolved [12,13,17 -21] .
Striped aposematic patterns are common in nature, and often combine a bright colour (e.g. yellow) with black to produce a highly contrasting and, therefore, salient pattern [22] . Internal pattern boundaries have been linked to increasing the efficacy of aposematic signalling, with the presence of high contrast patterning being proposed to increase colour contrast above that which is achievable against the background, produce a consistent signal across multiple backgrounds, reduce the impact of partial occlusion, or make the pattern more distinct from palatable species [23] [24] [25] [26] .
When viewed from sufficient distance, however, a striped pattern cannot be resolved and adjacent stripes will be perceptually summed to produce a combined colour. If this combined colour matches that of the background, a striped pattern may produce effective camouflage to distant observers [17, 19, 27] .
In this study we investigated whether stripe spatial frequency and pattern blending can affect the detectability and survivability of prey which appear conspicuous (yellow-andblack) or cryptic (green-and-black). We predicted that blended colours would be a closer match to the background than their component colours, and that increasing stripe spatial frequency (thinner stripes) would decrease the rate of avian predation due to the effect of pattern blending on detectability. As confirmation of the perceptual effects, in a separate experiment with human observers (electronic supplementary material) we predicted that higher spatial frequency would decrease the distance at which stripes were first visible.
Methods (a) Stimuli
Stimuli were designed to mimic free-living lepidopteran larvae with a variety of antipredator patterns. 'Caterpillars' were, approximately 16 mm long by approximately 3 mm diameter, cylinders of coloured dough (see below). The 12 treatments were based on either yellow-and-black (a common aposematic colour) or green-and-black (typical of camouflage in vegetative environments), and were either striped or plain. Striped treatments were designed to differ in spatial frequency while retaining equal ratios of each component colour ( figure 1 ).
For the yellow-and-black experiment six yellow-and-black treatments were designed: Y P -plain yellow; B P -plain black; 
(b) Image analysis
As our experiments used both avian predators (survival experiments) and human participants (detection experimentselectronic supplementary material), assumptions regarding the conspicuousness of each dough colour were checked in relation to models of avian and human visual perception using calibrated photography [28, 29] . Dough caterpillars were first photographed using a UVsensitive Nikon D70 Digital SLR camera, UV-NIKKOR 105 mm lens (Nikon Corporation, Japan), appropriate VIS filters, and a 15% reflectance Spectralon w grey standard (Labsphere Inc., North Sutton, NH, USA). UV photography revealed minimal UV reflectance from all of the dough colours (figure 1 top), and therefore allowed both human and avian vision to be modelled from standard RGB photography.
Photographs (sample sizes:
were taken of each treatment in situ on the stems of mature bramble (Rubus fruticosus agg. Rosaceae) plants, as they were presented to wild avian predators in the survival experiments (figure 1 middle and bottom). Each image was taken with a Nikon D3200 Digital SLR camera and AF-S DX NIKKOR 35 mm prime lens (Nikon Corporation, Tokyo, Japan) and contained a ColorChecker Passport (X-Rite Inc. 2009. Grand Rapids, MI, USA), which allowed size-scaling and linearization of colour values [28] in MATLAB 2015a (The MathWorks Inc., Natick, MA, USA). The locations of the dough caterpillar rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170128 and the background were labelled by hand in MATLAB and used to generate masks for subsequent selection and analysis.
To represent the avian predators in the survival experiment visual modelling used the tetrachromatic vision of the European starling (Sturnus vulgaris, Sturnidae), typical of many songbirds, with single cone peak absorption (l max ) of 563 nm (Lw), 504 nm (Mw), 449 nm (Sw), and 362 nm (UV), and double cones (D) with a peak absorption (l max ) of 563 nm [29] . In addition, to allow more intuitive comparison between avian and human vision, and to allow interpretation of a detection experiment using human participants (electronic supplementary material), we also used two models of human colour perception: L*a*b* and human LMS. L*a*b* is a perceptually defined colour space produced from discrimination experiments (CIELAB, 1976: http:// cie.co.at), however, as there is no avian equivalent of L*a*b*, we also generated a human LMS colour space analogous to the avian cone space, using cone cell absorption distributions: l max of 564 nm (Lw), 534 nm (Mw), and 420 nm (Sw) [30] .
For both cone-based visual systems, colour was measured, as in L*a*b*, in terms of a luminance and two opponent channels, red-green (rg), produced from the relative stimulation of the longwave and mediumwave cones, and yellow-blue (yb), which was produced from the relative response of the combined longwave and mediumwave cones compared to the shortwave cone [31] . Although the opponent mechanisms have not been fully characterized for birds, it is an efficient way to encode the information because, unlike the photoreceptor photon catches themselves, these channels are approximately orthogonal (see discussion of opponent processing in [32] and of this particular representation in [33] ).
For avian vision, a pseudo-luminance measure (L) was calculated from the response of the double cone, whereas for human LMS, L was calculated as the mean response of the longwave and mediumwave cones [29, 30] .
The colours of the background and high spatial frequency striped 'caterpillars' (Y T and G T ) were analysed at two spatial scales: at the resolution of the pixels in the photographs (henceforth 'High') and after spatial averaging, where we applied a Gaussian smoother with a standard deviation equal to half the length of the caterpillars (henceforth 'Low'; function imgaussfilt in MATLAB 2015a). The High condition, therefore, used all of the available information and represented close range viewing. For the Low condition, representing a view from beyond the resolution limit of the pattern, a wavelength equal to half the length of the caterpillar ensured that all pattern components would blend but the caterpillar itself would still technically be resolvable against the background. The survival of each caterpillar was checked at 24, 48, 72 and 96 h. Avian predation was identified by beak marks in, or complete removal of, the dough caterpillar, whereas Hymenoptera, principally ants, left small pit marks in the dough. For both experiments survival was analysed with a mixed effects Cox model from package coxme [34] and pairwise tests used the false discovery rate from package multcomp [35] , to gain a suitable balance between Type I and II errors, in R v. 3.1.3 (The R Foundation for Statistical Computing, Vienna, Austria). Avian predation was included as full events, block as a random factor, and non-avian predation, missing pins, and caterpillars surviving to 96 h were included as censored values. Data are available in Dryad [36] .
Results (a) Image analysis
We found a high correlation between the response of human LMS and the avian visual model for each visual channel (L ¼ 0.997, rg ¼ 0.826, yb ¼ 0.996). There was a weaker correlation between human LMS and L*a*b* colour space (L* 2 L ¼ 0.991, a* 2 rg ¼ 0.489, b* 2 yb ¼ 0.524) due to the nonlinear relationship between the two visual models (although the same perceptual trends are conserved, see electronic supplementary material). Plotting the avian visual model response for each treatment indicates that the majority of variation is found in the luminance (L) and yb channels, and that the 'cryptic' treatments (B P , Y A , G P , and G A ) are well represented in the background. Yellow dough (Y P ), in contrast, differs in both the luminance and yb channels (figure 2).
These data suggest that for the yellow-and-black dough experiments the combined colour (Y A ) is a closer match to the background than the plain yellow (Y P ). Similarly, in the green-and-black experiment, although both constituent colours (G P and B P ) are represented in the background, the combined colour (G A ) does not contain the high luminance components found in the plain green (G P ).
Plotting avian model response at different spatial resolutions shows that at high spatial resolution (representing close viewing conditions; figure 3 top) both treatments can be distinguished from the background, whereas at low spatial resolution (representative of far viewing conditions; figure 3 bottom) caterpillar colours converge with those of the background.
These data, therefore, support the hypothesis that the combined colours (Y A and G A ) were better matches to the background than their constituent colours (Y P , and G P respectively), and that for striped patterns pattern blending at greater viewing distances can produce more effective camouflage. There was a stepwise decrease in survival as spatial frequency decreased, with the thinnest stripes having higher survival than the medium and lowest spatial frequencies There was no significant difference between the plain black and plain green (B P 2 G P : z ¼ 0.33, p ¼ 0.999). There was no significant difference between the medium and low spatial frequency stripes (G M 2 G L : z ¼ 1.00, p ¼ 0.918), and no difference between the medium or low spatial frequency stripes and the plain black or plain green (z , 1.68, p . 0.546).
There was no significant difference in survival between the highest spatial frequency stripes and the average colour 
Discussion
Aposematic signals are often associated with high contrast patterns [22] , which are thought to increase the saliency, ease of learning, and memorability of the warning signal [23 -26] . It has also been suggested that these pattern components might provide camouflage when viewed from a distance [12, 13, [17] [18] [19] [20] [21] 27] . The latter effect has potentially been underappreciated, as many studies have been conducted in the laboratory or on unnatural backgrounds.
At greater viewing distances, adjacent patches of colour can no longer be resolved and will be summed by the visual system and thus perceived as a single combined colour. The distance at which this summation occurs will depend on the spatial frequency of the pattern and the visual acuity of the observer. We found that for both yellow-and-black and green-and-black stripes, the spatially averaged colours were a closer match to the background than their more conspicuous elements (Y P and G P respectively) for both human and avian vision, and increasing spatial frequency (thinner stripes) decreased the rate of predation by wild avian predators. Furthermore, we found that increasing spatial frequency also decreased the distance at which human observers could resolve the stripes (electronic supplementary material).
Increasing spatial frequency, therefore, decreased the distance at which stripes would blend to form a more cryptic colour. For our green-and-black striped caterpillars we found that as spatial frequency increased, survival increased towards that of the average colour (
In contrast, for the yellow-and-black caterpillars the survival of higher spatial frequencies surpasses that of the average colour
We suggest that for the green-andblack stripes, pattern blending leads to a closer match to the background and better camouflage, whereas for the yellow-and-black stripes the combination of camouflage and aversive signalling produces a combined strategy which is more effective than either in isolation [12, 13, [18] [19] [20] [21] 27] .
It has also been suggested that aposematic pattern components could provide disruptive camouflage (breaking up the organism's outline into incongruent patches) [37] , however, the regular geometric structure of these stimuli are unlike the irregular patterns normally associated with disruptive camouflage [38] . This possibility, however, does deserve further research.
These data suggest that detection distance can be reduced without necessarily compromising the effectiveness of salient defensive colouration. For an aposematic pattern, this is influenced by the internal colour contrasts, the colours themselves, and, perhaps the ratio of colour components [1, 3, 4, 10, [25] [26] [27] 31] . Striped patterns may therefore enable an animal to combine highly salient aposematic signalling with effective background matching camouflage. Varying stripe spatial frequency can create a stable and highly salient pattern, while also controlling the distance at which a pattern is detectable. These mechanisms may be exploited in order to balance different selection pressures, to alter detectability during ontogeny as pattern size and defence strength develop together, to minimize the long-range detectability of other conspicuous signals (i.e. sexual signals where mate attraction and predation work over different spatial scales), or as a mechanism for Batesian mimic species to reduce the risk of detection while retaining a pattern which is perceptually grouped with that of their model [38] .
Internal pattern boundaries may, therefore, provide a wide range of different benefits to the aposematic organism, including increased saliency at close range and reduced detection distance. Viewing distance is likely to be an underappreciated aspect of visual ecology, and a more inclusive study of animal colouration may reveal new insights into how different functions interact within a single phenotype. 
0.8 1.0 Figure 4 . Relative survival of dough caterpillars (odds ratios compared to the average colour treatment with 95% CI from the model). For both the yellow-andblack, (a), and the green-and-black, (b), stripes, increasing spatial frequency increases survival. For the yellow-and-black stripes survival increases beyond that of the average colour (Y A ); whereas, for the green-and-black stripes, as spatial frequency increases, the survival of striped patterns moves towards than of the more cryptic average (G A ). (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170128
